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THE COMPARATIVE PERMEABILITY OF WOODS
TO LIQUIDS
HARVEY D. ERICKSON
University of Minnesota

The subject of wood permeability reaches into several sciences
and is of vital importance to the wood preservation industry. It involves the application of principles of wood anatomy and technology, chemistry, plant physiology, and industrial processes.
As yet, we do not have a clear, concise picture of the mechanism
of liquid movement in wood and the factors affecting it. Considerable work has been done during the past 25 years, but the problem has not been pursued with sufficient vigor or regard for the
scientific principles involved to permit the formulation of a sound
hypothesis which satisfies fundamental facts of wood structure and
of chemistry.
The purpose of this paper is to present a brief review of the subject based on the more important literature and to describe certain
results which have been obtained in recent researches at this University.
At present, the common concept of liquid movement in coniferous wood is that inter-cellular flow occurs through the pits in the
cell wall. It is admitted that in some cases, especially in seasoned
wood, other means such as checks or splits and resin canals may
aid the flow of liquids. In hardwoods, vessels are important.
Penetration of preservative fluids into coniferous woods was first
regarded by Tiemann 1 and by Weiss 2 as occurring through splits
in the cell walls which sometimes developed with seasoning. Bailey 3
showed that this did not explain penetration into green wood and
into seasoned wood with unruptured cell walls. After injecting a
carbon suspension into wood Bailey 4 concluded that the pit membranes are not entire but are minutely perforated in the thinner
radii of the membranes. Mercury penetration studies by Scarth 5
1
Tiemann, H. D. The physical structure of wood in relation to its penetrability
by preservative fluids. Am. Ry. Eng. and Maintenance of Way Association Bull.

120:359-375 . 1910.
2
Weiss, H. F. Structure of commercial woods in relation to the injection of preservatives. Proc. Am. Wood-Preservers' Assoc. 8: 159-187. 1912.
3
Bailey, I. W. Tbe preservative treatment of wood. I. The validity of certain
theories concerning the penetration of gases and preservatives into seasoned wood .
Forestry Quart. 11:5-ll. 1913.
'Bailey, I. W. The preservative treatment of wood. II. The structure of the pit
membranes in the tracheids or conirers and their relation to the penetration of gases,
liquids, and finely divided solids into green and seasoned wood. Forestry Quart.

11:12-20. 1913.

• Scarth, G. W. The structure or wood and its penetrability. Paper Trade Jour.
SO Tech. Sect. 53--58. 1928.
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and electrokinetic and colloid penetration investigation by Stamm 0
led also to the conclusion that openings exist.
The effective size of these perforations has been determined by
Stamm by electroendosmosis, hydrostatic flow, overcoming surface
tension in the capillaries, and by permeability to colloidal sols. The
average effective capillary radius was generally less than 100µ1-' in
the heartwoods, but was as great as ~,OOOµJ,t in some sapwoods.
It has been clearly demonstrated by Stamm 7 and by Buckman,
Schmitz and Gartner 8 that the effective openings become smaller
with increasing moisture content up to the fiber saturation point of
wood or that point at which water exists in the wood in a free state
or of unit activity. The cell cavities under ideal conditions did not
change appreciably in size.
In earlier penetration studies the specimens of wood were impregnated under pressure and high temperature, -the criteria being
the depth of fluid penetration and the amount of fluid absorbed.
The other principal method is to measure the rate of flow of a liquid
under pressure through a· section of the wood.
Teesdale O found by creosote-impregnation tests that resin ducts
and especially the radial ducts were effective in penetration, particularily in the sapwood. In species without resin ducts, sapwood
and heartwood penetrations were about equal. In the hardwoods 10
the prevalence of tyloses in the vessels was paramount in influencing penetration. Next was the relative permeability of the wood
cells to the preservative oil.
One of the more important developments of the last two decades
was the demonstration of the phenomenon of pit aspiration or
closure of the pit by the lateral movement of the torus to the pit
aperature. This was studied by Griffin 11 and later by Scarth,5 and
Phillips 12 independently. According to their investigations pit aspiration is an important factor in the change from sapwood to heartwood and in the impregnation of wood. They found, in brief, that
• Stamm, A. J. The capillary structure of softwoods. Jour. Agr. Research 38:
23--67. 1929.
7
Stamm, A. J. The effect of changes in the equilibrium relative vapor pressure
upon the capillary structure of wood . Physics 6:334-342. 1935.
8
Buckman, S. ,J., Schmitz, R., and Gortner, R. A. A study of certain factors
influencing the movement of liquids in wood . Jour. Phys. Chem. 39:103-120. 1985.
• Teesdale, C. H. Resistance of conifers to creosote injection. U. S. Dept. Agr.
Bull. 101. 1914.
10
Teesdale, C. H., and Mac Lean, J. D . Relative resistance of various hardwoods
lo injection with creosote. U. S. Dept. Agr. Bull. 606. 1918.
11
Griffin, G. J. On bordered pits in Douglas fir: a study of the position of the
toriis in mountain and lowland specimens in relation to creosote penetrations. Jour.
of Forestry 17:813-822. 1919 .
12
Phillips, E. W. J. Movement of pit membrane in coniferous woods, with special
reference to preservative treatment. Forestry 7:109-120. 1988.
13
Bateman, E. Relations between viscosity and penetrance of creosote into wood.
Chem. Met. Eng. 22:359-360. 1920.
,. Mac Lean, J. D. Effect of temperature and pressure of preservative oils on penetration and absorption. Proc. Am. Wood-Preservers' Assoc. 22:147-167. 1926.
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nearly all the pits of springwood cells become aspirated on drying
most green woods, whereas proportionately fewer pits become aspirated in the summerwood cells. A correlation was found between
penetration of creosote and the number of unaspirated pits. Deaspiration of the pits could not be effected by soaking in water, extraction with resin solvents, and mild lignin solvents or bY. steaming.
As yet there is some disagreement in the literature as to whether
springwood or summerwood is the more permeable. The majority
opinion appears to be that the summerwood of most species 2 • 5 • 0 is
more permeable. The effect of the viscosity of a fluid on its penetrance has been stressed by Bateman and by Mac Lean. The latter
decided from preservative treatment tests that temperature was
only of minor importance as compared with absolute viscosity.
However, it has been shown by Scarth Jij and by Sutherland, Johnston, and Maass 16, that high temperature does influence permeability beyond a purely viscosity effect of the liquid. Others report 8 • 16 , with good evidence, that the chemical constitution of a
liquid may influence its rate of penetration more than its viscosity.
Conflicting reports have been published concerning the effect of
seasoning on the permeability of wood; some workers reporting no
change and others reporting a decided decrease in permeability.
The relation between pressure and rate of flow has been investigated 8 • 16 . With some woods the rate of flow is proportional to the
pressure applied, but with others flow increases more rapidly than
the pressure applied. There has been no satisfactory explanation of
this phenomenon.
Sutherland, Johnston, and Maass 16 found that sapwood was
from 100 to 200 times more permeable than heartwood. The rate of
flow in the longitudinal direction for sections of more than one fiber
length in thickness was approximately 100 t imes as great as in the
radial or tangential directions for sections of the same thickness.
Attention will now be directed to results of research done by
the speaker during the past two years and to the works of others
which are closely allied.
It is quite definitely established by the author that. in general,
the rate of flow of liquid through wood decreases with time and
tends to approach an equilibrium after several hours . This is in
accord with the findings of other investigators 8 • 16 . Measurements
of this kind and other data to be given were obtained by forcing
the liqu id under pressure through properly cut sections of wood and
measuring the flow obtained in a given time. The extent of decrease ·
in rate of flow with t ime varies with the species, the kind of liquid,
and to some extent upon the direction of flow through the wood.
"Scarth, G . W. and Spier, J. D. Studies on the cell walls in wood 2. Effect of
various solvents upon the penetrability of red spruce heartwood. Trans. Roy. Soc.
Can. /23: 9!81-288. 1929.
16
Sutherland, J. H., Johnston, H. W., and Maass, 0. Further investigations of
the penetration of liquids into wood . Can. Jour. Research 10: 36-79!. 1934.
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In longitudinal flow, the rate after three hours was generally IO to
50 per cent of the initial rate of flow in the sapwoods of 16 species of
wood, all but two of which were conifers. In the radial and tangential direction of the final rate of flow is most commonly from 30 to
50 per cent of the initial rate, although values on either side of this
range are also found depending upon the species.
The reason for such a decrease in flow with time is a puzzling
problem and definite proof has not been found for any proffered
explanation. Among the explanations suggested are plugging of the
capillaries, valve action of the tori, and electrokinetic effects which
modify resistance to flow. Additional evidence was found for the
last explanation in experiments by the author.
The decrease in rate of flow with time of 3 per cent zinc chloride
solution was less than that of water. The initial rate of flow was
usually not much different but the final rate of flow (after 3 hours
Lime) of zinc chloride solution was generally 2 to 3 times that of
water. The effect of the salt solution on the apparent effective pore
size did not appear to be permanent, because a reversible shift in
rate of flow could be obtained by successive changes of water and
zinc chloride solution. An even greater rate of flow was obtained
when commercial benzene was forced through seasoned sections of
wood . The decrease in flow was usually less than one-half of the
initial flow. The initial rate was somewhat greater and the final rate
of flow was from 2 to 11 times the value for water on seasoned sapwood. These differences between water, zinc chloride, and benzene
values are so great that they obscure in most instances any viscosity-penetration relationship which may be present and they
emphasize the effect of the chemical constitution of a liquid in determining its penetrability into a given wood. This conclusion is in
agreement with other recent work in which various organic liquids
and inorganic salt solutions have been streamed through wood and
through wood pulp membranes 8 • 10 , 17 • The degree of polarity of a
liquid and the presence of certain ions of a salt solution appear to
have a definite, determinative influence on permeability.
The sapwood of a species is usually much more permeable to
liquids than the heartwood. All of the green or unseasoned coniferous sapwoods tested (sections one cm. thick) were quite permeable
longitudinally to water at a pressure of only 5 cm. Hg .. the flow was
from 2 to 10 c. c. per minute. Almost all of the heartwoods, however, were impermeable at that pressure and showed no great
permeability at .20 lbs. per sq. in. No fixed ratio of sapwood to
heartwood permeability can be given since it may vary from a few
Limes to 1,000 times or more, depending upon the species. Rapid
flow of liquid longitudinally through green sapwood is what might
be expected considering the transpirational requirements and the
translocational mechanism of the living tree. In contrast to this the
17

Bull, H. B. Unpublished manuscript.
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heartwood of many conifers has very little free water, and would
not be expected to function in the transport of water. This is demonstrated by the resistant nature of most heartwoods to the fl.ow
of liquid under pressure.
The effect of seasoning on wood was studied with considerable
thoroughness. The change in permeability caused by controlled
seasoning varied with the kind of wood. In most species no great
change occurred with seasoning. However, the seasoned woods of
white spruce, jack pine, Norway pine, and northern white cedar
were less than one-fifth as permeable longitudinally as matched unseasoned sections. Seasoned heartwood was generally about as permeable as unseasoned heartwood. These results raise considerable
doubt as to whether pit aspiration occurs as completely as has been
reported by some workers. Certainly in a number of sapwoods and
in almost all of the heartwoods it does not seem likely to be true
because the rate of fl.ow is about the same before and after seasonmg.
Springwood was found to be more permeable longitudinally than
the summerwood of the seasoned and unseasoned sapwoods of two
southern pines. Under the conditions of this experiment, resin ducts
did not function as important paths of liquid fl.ow. Consequently,
flow occurred through the pits. Data from experiments on radial
and tangential permeability. however, indicate that resin ducts
may be an effective means of fl.ow for liquid moving in the radial
direction in seasoned wood.
A classification of the unseasoned sapwoods in the order of the
most permeable to the least permeable to water at 5 cm. Hg. pressure is as follows: white spruce, jack pine, Norway pine, coast
Douglas fir, western hemlock. slash pine. short.leaf pine, and loblolly pine. The range of rate of fl.ow in the same order was from 10
to 2 c. c. per minute. The most permeable of the unseasoned heartwoods were western hemlock, coast Douglas fir, balsam fir, and
eastern hemlock. Tl1e least permeable were longleaf pine, white
spruce, and jack pine heartwoods. The orders of arrangement of
seasoned sapwoods were shifted somewhat compared to the unseasoned, but were not greatly different for water, zinc chloride, and
benzene. The orders of arrangement of the heartwoods were nearly
alike for the three liquids used and for the seasoned and unseasoned
conditions.
It is apparent that longitudinal permeability is of great importance from the physiological point of view, and that radial and
tangential permeability are nece. sary in the transverse movement
of liquids and solutes even though the amounts be small. In the
wood-preservation industry, penetration in the radial and tangential directions is of great importance, particularly in the treatment
of timbers and poles of considerable length where impregnation
must occur from the sides.
In studying the coniparative permeability of woods in the radial
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and tangential directions, two pressures were used: 10 cm. Hg.
and 100 lbs. per sq. in. The thickness of the sections was approximately 1.3 mm. and only seasoned woods were used .
Only relatively few woods were permeable radially at the lower
pressure and it is significant that these were almost exclusively sapwoods which possessed a radial resin-duct system. Heartwoods in
general were impermeable at low pressure. The woods most permeable to water in this series were the sapwoods of tamarack, slash
pine, longleaf pine, and short leaf pine; the least permeable were
black spruce, jack pine, and Norway pine sapwoods. Occasionally,
springwood was significantly more permeable than summerwood at
low pressure. However, this was not the rule for the same woods at
high pressure for then the two portions of the annual ring were
about equally permeable. The heartwoods, on the other hand, generally were more permeable in the springwood than in the summerwood for the few species in which such measurements were made
feasible by possessing sufficiently wide annual rings for cutting sections of the desired thickness.
With the exception of western hemlock, the sapwood was more
permeable radially than the heartwood of a given species, but the
magnitude of the difference varied greatly between species. An extreme case is that of longleaf pine in which the sapwood was about
600 times more permeable than the heartwood. The more resistant
woods were the heartwoods of white oak and paper birch (the only
two hardwoods used in this study), balsam fir, eastern hemlock,
and northern white cedar heartwoods.
Interesting and important information was obtained also from a
study of tangential permeability. On an average for all the woods
tangential permeability was much less than radial permeability for
sections of approximately the same thickness. This was not because
of significantly lower values for all kinds of wood, but because those
species possessing resin ducts were much less permeable to water
tangentially than radially. This held true for both sapwood and
heartwood of those species. Norway pine sapwood. for example, was
40 times more permeable radially than tangentially at a pressure of
100 lbs. per sq. in., and the heartwood gave no measurable rate of
flow tangentially whereas the final rate of flow radially was 0.02
c. c. per minute for the springwood and 0.002 c. c. per minute for
the summerwood.
Among the non-resinous woods several showed no difference between radial and tangential rates of flow. Eastern hemlock heartwood and sapwood, western hemlock heartwood and sapwood,
balsam fir and northern white cedar sapwoods have either the same
permeability in the two directions or a ratio of not greater than
two . In other woods, the ratio was greater and favored either direction.
The results of research on radial and tangential permeabilities
that have been presented are significant because they imply that in
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seasoned wood, either the resin ducts or the wood rays are of primary importance in the radial flow of liquid in woods possessing
resin duct systems. The fact that in most woods bordered pits are
either very sparse or absent in the tangential walls, but are numerous in the radial walls would lead one to expect a greater permeability tangentially even admitting that liquid might pass through
the pits on the radial wall into a cell which contacts a contiguous
cell on the same radial wall, thus traveling a zig-zag course by taking advantage of the asymmetrical arrangement of cells which exists to greater or lesser extent in the springwood. However, because
radial permeability exceeds th~ tangential in resinous woods, either
the resin ducts or the wood rays must be effective. To go one step
farther, woods without resin ducts are not much different in their
radial and tangential flow which implies by analogy that the wood
rays in the resinous woods are either ineffective or of little importance in conducting liquids radially as compared to the radial resin
ducts.
In seasoned non-resinous woods, flow probably occurs through
the wood rays. More research is necessary to clarify this point.
Liquid flow in the tangential direction of all seasoned woods is probably through the bordered pits on the radial walls since these are
the only structural features of wood permitting flow in this particular direction if one assumes the cell wall itself to be impervious.

Summary
A brief review of the more important literature on wood permeability and results and conclusions from the author's researches are
presented. The permeability of wood decreased with time of flow
and was influenced to some extent by the chemical nature of the
liquid. Seasoning effects in permeability varied with the kind of
wood. Longitudinal rate of flow was much greater than radial flow
or tangential flow. Springwood permeability was either equal to or
greater than summerwood permeability depending on the direction
of flow, the kind of wood, and the pressure. Sapwood in nearly all
cases was more permeable than heartwood. Radial flow in seasoned,
thin sections of wood was either through the resin canals when present or the wood rays; tangential flow occurred through the pit
membranes and longitudinal flow probably was chiefly through
the pit membranes. The comparative permeability of some woods
is given.

